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A B S T R A C T   
The Ni/SiO2 system is one of the most interesting to produce COx-free H2 and valuable carbon nanofibers (CNFs) 
by the catalytic decomposition of CH4. SiO2 is one of the most effective support while Ni catalyst displays long 
life and high activity. We studied the catalytic chemical vapor deposition (CCVD) process of CH4 within Ni/glass 
system at relatively low temperature (600 ◦C) during long times (3 h), varying the amount of the catalyst 
(2.3–17.8% Ni(%)) and the carbon source (100:200 to 100:0, CH4:N2). As the amount of Ni and CH4 increases, 
the formation of CNFs is enhanced giving as a result CNFs/glass materials with more amount, longer and thicker 
CNFs. 
The initial microstructure of the glass support and the way of Ni catalyst is deposited play a decisive role. 
Pristine porous glass displays a microstructe of interconnected mesopores which are progressively filled with Ni, 
producing ink-bottle pores with open ends. After the CCVD process as the amount of Ni or CH4 increases, the 
porosity of the Ni-doped glass is reduced due to the progressively filling of the mesopores (4 nm) with CNFs. 
Furthermore, due to the formation of large entanglements of CNFs new pores appear (20–70 nm) depending on 
the processing conditions. Fish-bone with hollow core and bamboo-like CNFs are found over the surface and also 
inside the porous glass support. It is observed a base-growth mechanism due to the strong interaction between 
the catalyst and the support, which prevents the Ni deactivation enhancing its activity for long times.   
1. Introduction 
Carbon nanomaterials (CNs) such as carbon nanotubes (CNTs), car-
bon nanofibers (CNFs) and also opened CNs have received much 
attention since the publication of Ijima’s works [1,2]. CNs display a very 
high aspect ratio, very high theoretical mechanical properties (Young’s 
module, flexural and bending strength, toughness, etc.), high electrical 
and thermal conductivities which offer excellent properties as rein-
forcing agents giving many opportunities and applications in the com-
posites field among others [3–8]. Many studies have been done using 
polymeric matrices [4,9], but an increasing interest is observed in metal 
[10] and ceramic matrices [3,5,11]. However, CNs/ceramic composites 
have not achieved the expected properties, due basically to the tendence 
of the CNs to agglomerate preventing a satisfactory CNs dispersion in the 
matrix generating an inadequate CNs/matrix interphase. CNs/glass 
composites, included inside the ceramic matrix composites, display a 
large amount of applications in different fields such as photonic [12], 
electromagnetic shielding [13], catalyst [14], biocatalyst [15], removal 
of contaminants in wastewater [16], filters [17], etc. Besides, the use of 
a glass matrix reduces the sintering temperature, limits the thermal 
degradation of the reinforcement and also saves energy [18]. The first 
attempt to produce CNTs/glass composites included a simple mixture 
and consolidation processes. The promising composites displayed large 
agglomerates of CNTs [19] leading to a poor matrix-reinforcement 
interphase. Afterwards, many efforts have been made to solve this 
problem and, the proposed solutions included sonication, use of sur-
factants, purification and subsequent functionalization of CNs and the 
employment of the sol-gel method which enhances the dispersion and 
improves the interaction between the matrix and the reinforcement, 
[20–22]. All of these processes make the route longer, more expensive 
and also include impurities which can directly affect the sintering pro-
cess and the final properties of the composites. Other methods include 
the traditional ceramic processing with powerfull milling techniques 
and subsequent sintering [18,23]. An alternative method is the in situ 
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growth of CNs (CNFs, CNTs and graphene) by the catalytic chemical 
vapor deposition (CCVD). The CNs are homogenously formed directly 
inside the ceramic matrix, avoiding the dispersion steps and furthermore 
CCVD process is relatively simple, cheap and scalable which can be used 
to many supports [3,24]. First experiments were carried out employing 
metallic catalyst (Fe, Co and Fe/Co alloys) supported over metal oxides 
(Al2O3, MgO and MgAl2O4) [25,26]. There are many parameters that 
have to be determined in order to obtain optimal results in the CCVD 
proccess. These factors include the selection and control of the metal 
catalyst (the amount, type and size of crystal), the reduction treatment 
of the catalyst, the temperature and duration of the thermal treatment, 
the carbon source (type and composition), etc. [27–29]. Usually tran-
sition metals (Ni, Fe and Co) are the most popular employed to produce 
CNs. Ni catalyst presents higher catalytic activity than other metals (Co 
and Fe), but it is limited to low temperature because is rapidly deacti-
vated above 600 ◦C [30]. The use of supported bimetallic transition 
metal catallyst (Ni, Fe, Co) offers new possibilities enhancing the cata-
llytic activity during longer times preventing its passivation [27,30–33]. 
Many supports can be used such as SiO2, Al2O3, MgO, TiO2, ZrO2, etc. 
[24]. Currently, the study of interactions between the catalyst and 
support and also the mechanism of the formation of the CNs is a very 
important issue [30,31]. Generally, as carbon source can be employed 
gaseous (methane, ethylene, acetylene, CO, etc.) or liquid (toluene, 
benzene, xylene, alcohol, etc.) carbon compounds. Nowadays, the 
employ of metane offers the benefit of production COx-free H2, highly 
demanding these days as green energy source and a very promising 
material to be used as low temperature fuel cell, futhermore natural gas 
is cheap and abundant. Currently, several groups are focused in the 
study of the behavior of mono or bimetallic transition metals (Ni, Fe, Co) 
supported over SiO2 and TiO2–Al2O3 [30,33], being the Ni/SiO2 system 
one of the most effective [27]. 
In a previous work, we developed CNFs/glass materials by the in situ 
growth of CNFs in a porous glass employing CH4 as carbon source and Ni 
as catalyst varing the temperature and dwelling time of the CCVD pro-
cess. It was stablished 600 ◦C and 3 h of reaction time [34] as the best 
reaction parameters. In this new paper, we studied another key para-
methers of the CCVD process as the Ni amount and the CH4:N2 ratio. The 
micro/mesoporous glass support was obtained through a variation of the 
Vycor process applied over a SiO2/B2O3/Na2O glass [35–39]. This pro-
cess is based on a thermal phase separation of the pristine glass followed 
by a selective HCl leaching of the B2O3–Na2O soluble glass phase that 
allows to control the pore size of the final SiO2-rich glass matrix. A 
homogenous dispersion of the catalyst (i.e. NiAc2) is deposited over the 
surface and inside of the micro/mesopores of the glass support and 
finally, the CCVD process produces the in situ growth of CNFs homoge-
nously dispersed all over the support, including the surface and inside of 
the pores. 
The aim of this work is to study the influence of the amount of 
catalyst (Ni(%)) and the carbon source (i.e. CH4:N2 ratio), the last one 
rarely studied in the literature [29]. The influence of the porous 
microstructure of the glass support during the different steps of that 
process is a very important issue which must be taken into consider-
ation. Our results demonstrate that the amount of the catalyst (Ni(%)) 
and carbon source (CH4:N2 ratio) deeply influence both the yield and 
order degree of the CNFs produced after the CCVD process. It is 
well-known, that the carbon reinforcements increase both electrical and 
thermal properties of the related composites [11]. Based on this fact, the 
experimental conditions have been choosen in order to obtain the 
maximum amount of CNFs. All those findings have made it possible to 
know the mechanism of the CNFs growth in the pores of the glass 
support. 
2. Experimental methods 
2.1. Catalytic deposition 
Glass with a nominal weight composition 50/40/10 of SiO2/B2O3/ 
Na2O was prepared by the conventional melting proccess at 1450 ◦C (2 
h) employing a Pt crucible. Glass was heated at 680 ◦C during 3 h to 
induce the phase separation, then it was ground and sieved between 200 
and 300 μm and the particles were leached in an aqueous solution of HCl 
10% at 95 ◦C for 20 h. A porous glass was obtained with a BET surface 
area (SBET) of 185 m2g-1, total pore volume of meso and micropores 
(Vmic + mes) of 0.41 cm3g-1 and chemical composition of 93.2/6.3/0.4 
(wt.%) of SiO2/B2O3/Na2O [34].This porous glass was impregnated 
with an aqueous solution of nickel acetate (NiAc2) at 90 ◦C for 48 h. 
Then the sample was washed with water several times and dried for 24 h 
at 180 ◦C. In order to determine the role of the amount of nickel in the in 
situ formation of CNFs, four different solutions were studied: 0.02 M, 
0.04 M, 0.1 M and 0.2 M. The porous glass samples with Ni deposited 
were named as Ni-0.02, Ni-0.04, Ni-0.1 and Ni-0.2, respectively. 
2.2. CNFs growth 
CNFs were grown inside the porous glass by the CCVD process. In a 
typical preparation, the glass was first impregnated with NiAc2 and then 
was heated with a continuous flow of CH4:N2 in an alumine tubular 
furnace at 600 ◦C during 3 h (heating and cooling rates, 10 ◦Cmin-1). The 
sample with the highest concentration of NiAc2 (i.e. Ni-0.2) was selected 
to study the influence of the CH4:N2 ratio during the formation of CNFs. 
Five different flows of CH4:N2 were performed 100:200, 100:100, 
100:50, 100:25 and 100:0 ratio (vol/vol) using a total flow in all the 
cases of 180 cm3min-1. N2 was employed as carrier gas and, also to 
ensure an inert ambient inside the tubular furnace, while CH4 was used 
as carbon source. The related samples were named as CN 100:200, CN 
100:100, CN 100:50, CN 100:25 and CN 100:0, respectively. 
Besides, all the Ni-impregnated/glass compositions (Ni-0.02, Ni- 
0.04, Ni-0.1 and Ni-0.2) were heated under a CH4:N2 flow (100:100, 
vol/vol) to study the influence of the Ni content in the CNFs formation. 
The resulted CNFs/glass samples were named as CN-0.02, CN-0.04, CN- 
0.1, CN-0.2, respectively. 
2.3. Characterization techniques 
Elemental analysis was carried out with an Inductively Coupled 
Plasma Optical Emission spectrometer (IRIS Advantage, Thermo Jarrell 
Ash Corp, USA) to determine Ni(%), Si(%) and B(%) and by an elemental 
carbon analyzer (CS-200, LECO Corp., USA) to measure the C(%). 
Microstructural analysis were carried out by Field Emission Scanning 
Electron Microscopy technique (FE-SEM) employing a Hitachi S-4700 
microscope operating at 20 keV and High Resolution Transmission 
Electron Microscopy (HR-TEM) using a Jeol JEM-2010 microscope 
operating at 200 kV. Selected areas of Ni/SiO2 samples were examined 
with FE-SEM by Energy Dispersive X-ray analysis (EDX, Noran System 
Six, Thermo Fisher Scientific, USA) via mapping or elemental analysis of 
Ni. In order to complete the microstructural study, the porosity of glass 
and CNFs/glass materials was evaluated by N2 adsorption-desorption 
isotherms, employing a TriStar 3000 instrument (Micromeritics Corp., 
USA). The SBET area was determined by the Brunauer, Emmett and Teller 
equation [40]. The Barret, Joyner and Halenda (BJH) method [41] was 
carried out to obtain the mesopore size distributions (PSDs), employing 
the adsorption branch of the isotherm. Mesopore surface areas (Smes), 
volume (Vmes) and average pore diameter (dpore) were also calculated 
assuming cylindrical pores. Micropores, volume (Vmic) and surface 
(Smic), were analysed with the t-plot method [42] applying Harkins-Jura 
equation [43]. Vmic was calculate subtracting Vmes from the total volume 
(Vmic + mes) measured at p/po = 0.99. Additionally, the volume related to 
macropores (Vmacro) was calculated subtracting the pore volume 
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determined by He picnometry (AccuPyc 1330, Micromeritics Corp., 
USA) from Vmic + mes. The surface area related to Ni catalyst (SNi) was 
calculated by the subtraction of SBET related to original glass and the SBET 
after Ni deposition. Raman measurements of the CNFs/glass materials 
were carried out in a InVia Raman spectrometer (Renishaw plc., UK) 
equipped with a 514 nm Ar+ laser. The evolution of the in-plane lateral 
domain size of carbon nanoclusters (La) was calculated by equation (1) 
[44],  
ID/IG = C(1)/La(nm)                                                                         (1) 
where C(1) is a constant which acquires a value of 4.4 when a 514 nm 
laser is used. Thermal analysis was done with a thermogravimentric 
instrument (SDT Q600 TA Instruments, USA) from R.T. to 1000 ◦C under 
flowing air with a heating rate of 10 ◦Cmin− 1. Infrared spectra in the 
Attenuated Total Reflectance mode (ATR) were obtained conecting a 
MIRacleTM ATR device to a Fourier Transform Infrared (FT-IR) spec-
trometer (BX, PerkinElmer Corp., USA). 
3. Results and discussion 
It is well-known that the main variables for the CNFs growth in the 
CCVD process are the catalyst, carbon source, thermal treatment and its 
duration. In a previous work [34] and taking into account our experi-
mental conditions, we stated that the optimal heat treatment for the 
CNFs growth was 600 ◦C and 3 h of holding time. Therefore, in this new 
work we have studied the influence of the amount of the metallic 
catalyst (i.e. concentration of NiAc2) and the carbon source concentra-
tion. In the case of the catalyst amount, the concentration of NiAc2 was 
varied from 0.02 M to 0.2 M keeping constant the rest of the parameters 
(i.e. CH4:N2 ratio 100:100 at 600 ◦C (3 h)). 
3.1. Influence of Ni amount 
Fig. 1 shows the elemental mapping of Ni for Ni/SiO2 samples with 
different amount of catalyst. The catalyst is homogenously dispersed all 
over the material surface. Although the size of catalyst is rather similar 
in all the cases, the coalescence of several particles can be detected in the 
samples with the highest amount of Ni (i.e. Ni-0.1 and Ni-0.2). As can be 
clearly observed in Table 1 and Fig. 1, there is a good agreement be-
tween the Ni(%) (obtained by both elemental analyst and EDX) and the 
mapping images.The FE-SEM micrographs (Fig. 2) of these samples, 
reveal some voids and porosity, generated during the HCl leaching due 
to the removing of the B2O3–Na2O soluble phase. On the other hand, the 
filling of those voids and pores is observed steadily as the amount of Ni 
(%) increases. The presence of some cracks is also appreciated for the 
sample with the highest Ni(%), probably due to the large amount of Ni 
deposited over the surface and inside the pores of the glass support. 
The influence of the amount of Ni catalyst for the CNFs formation is 
Fig. 1. FE-SEM mapping of Ni of Ni/SiO2 materials impregnated with different Ni(%): (a) Ni-0.02, (b) Ni-0.04, (c) Ni-0.01 and (d) Ni-0.02.  
Table 1 
Ni (%) (determined by elemental analyst (Ni(%) and EDX (NiEDX(%)), C (%), 
CNFs diameter and volume related to macropores (Vmacro) for the Ni- 
impregnated glasses and CNFs/glass materials obtained with different concen-














0.02 2.3 0.7 2.2 – 0.09 
CN- 
0.04 
0.04 4.4 1.2 2.2 – 0.29 
CN-0.1 0.1 9.9 8.2 6.4 24 ± 6 0.11 
CN-0.2 0.2 17.8 18.8 8.0 27 ± 6 0.14  
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given in Table 1 where is observed that the C(%) increases with the 
amount of Ni. Takenaka et al. [27] indicated that the activity and cat-
alytic life of Ni for the CH4 decomposition increase with the Ni(%) in the 
range from 1 to 40%, but higher amounts (>50%) reduce both the ac-
tivity and catalytic life. 
FE-SEM micrographs showed in Fig. 3(a–d) are in line with the re-
sults presented in Table 1 and Fig. 2 displaying great differences 
depending on the Ni(%). The samples with the lowest Ni(%) (i.e. CN- 
0.02 and CN-0.04) show very short (<500 nm) and only few CNFs which 
do not agree with the C(%) (≈2%, Table 1). The observed CNFs emerge 
from the glass support, so the majority of the CNFs could be hidden 
inside the porous network. On the other hand, the samples with the 
highest Ni(%) present homogeneous and well-dispersed entaglements of 
CNFs all over the glass surface coming from the porous glass network, 
being this fact especially noticeable in the CN-0.2 sample. The CNFs 
observed in the CN-0.1 sample are short (<0.1 μm) with a mean diam-
eter of 24 nm, while in the case of CN-0.2, the CNFs are longer (from 1 to 
several μm) with a slightly broader diameter of 27 nm. As it was 
observed by Shokry et al. [31], the presence of a minimum amount of 
catalyst seems to be absolutely necessary to obtain CNFs in the porous 
glass, increasing both length and quantity with the Ni(%). 
The sample with the highest amount of carbon (CN-0.2) was also 
observed by means of TEM and HR-TEM (Fig. 3 (e)–(j)). As it was pre-
viously stated, both CNFs and CNTs can be formed by CH4 decomposi-
tion employing the Ni/SiO2 system [27,34]. In the present case, there 
are mostly observed bamboo-like (diameter 10–20 nm, Fig. 3(g)) and 
fish-bone with hollow core CNFs (diameter <20 nm, Fig. 3 (h)) where 
graphitic planes are stacked at a certain angle to the axis of the fibres. 
The Ni particles are spherical in shape with a mean size <5 nm (Fig. 3 
(f–h)), and they are observed apparently inside the CNFs but not at the 
tips. It is important to note how several Ni particles appear very close 
indicating the coalescence of the catalyst in these experimental condi-
tions (Fig. 3(e), (f) and (h)) which is in accordance with mapping results 
(Fig. 1(d)). Several authors observed how as the concentration of Ni 
increased more active Ni sites appeared and, those sites were 
well-dispersed all over the porous glass support enhancing the carbon 
deposition [27,28,32]. Furthermore, it is also observed an increase of 
the CNFs diameter with the Ni (%) (Table 1), which is directly related to 
the coalescence of the Ni particles during the heat treatment [45] (Fig. 3 
(h)). Additionally, in Fig. 3(i–j) is observed the coalescence of a group of 
spherical Ni particles (Ni (111) lattice planes spaced ≈0.2 nm) sur-
rounded by CNFs (C (002) with lattice planes spaced ≈0.3 nm). The 
crystallographic concurrence observed between Ni (111) and C (002) 
planes is essential for the CCVP process and the growth of CNFs [46]. 
The CNFs show open edges on their outer surface and, that fact produces 
a high chemical activity that could be interesting in medical and other 
applications, as Miniach et al. [28] indicated. Also, it can be clearly 
observed how these Ni particles are homogenously distributed and 
placed on the glass support and rarely inside the CNFs. This fact in-
dicates a very strong interaction due to the chemical affinity [31] be-
tween the glass support and the catalyst particles which also implies that 
the base growth mechanism prevails [33]. The bamboo-like structure 
defects are usually observed in the CNTs produced by a base growth 
mechanism [31]. 
The evolution of the material porosity has been followed by means of 
N2 adsorption-desorption measurements, He pycnometry and FE-SEM 
images. The changes in porosity due to the in situ growth of CNFs can 
not be understood without knowing the porosity of the pristine Ni 
impregnated porous glasses (Fig. 4(a), (b) and Table 2) and, also the 
effect of the thermal treatment in such porosity. As it was reported in a 
previous work [34], the as prepared glass was non-porous but after the 
acid leaching a porous glass was formed. The glass displayed a type IVa 
isotherm with a H3 hysteresis loop, which mainly corresponds to a 
mesoporous material with a wide range of pore sizes [47]. Those pores 
were cylindrical in shape and open at both ends. The pore size diameter 
varied from 2 to 150 nm. As it is expected, the support porosity changed 
when is impregnated with NiAc2 and those changes greatly depend on 
the Ni(%) (Fig. 4(a) and (b)). The sample with the smallest Ni(%) re-
sembles to the pristine porous glass [34] but, as the Ni(%) increases the 
shape of isotherm changes and, althought in all the cases the isotherms 
are type IVa, the hyteresis loops progressively change from H3 to H4 
and, finally to H2 type. The H3 loop of the Ni-0.02 sample could indicate 
a microstructure of non-rigid aggregates with the contribution of mac-
ropores [47]. The Ni-0.04 sample presents a H4 hysteresis loop, similar 
to H3, but also indicates the presence of micropores [47]. The Ni-0.1 and 
Ni-0.2 samples display H2b and H2a type loops, respectively, which are 
associated to pore blocking in ink-bottle pores and, where their pore neck 
distribution is very large (H2a) or very narrow (H2b) [47]. In summary, 
the NiAc2 deposition can occur as follows: in the case of the lowest Ni 
(%), the NiAc2 can pass thoughtout the open interconnected pore 
structure filling all the wide range of pores, as consequence, the porosity 
parameters decrease and the pore diameter shifts to a lower value (i.e. 
from 18.7 to 10.1 nm, Table 2)). As the amount of Ni increases (for the 
Ni-0.04 sample) the open mesoporous microstructure continues filling, 
the mesopores of around 10 nm disappear generating a bimodal PSDs 
with smaller and bigger mesopores and also some micropores. The 
porosity parameters decrease except the ones related to micropores wich 
experience a little increase (Table 2). In the cases of the Ni-0.1 and 
Ni-0.2 samples a different behaviour is observed. It seems clear that the 
open porous microstructure turns into ink-bottle pores with open ends. 
For Ni-0.1, a wide distribution of necks is obtained, with a bimodal PSD 
with pores centred of around 6 and 60 nm. But finally, for Ni-0.2, the 
biggest pores are completely filled and, as consecuence the size of necks 
moves to lower values (4.1 nm). The filling of large mesopores produces 
Fig. 2. FE-SEM micrographs of Ni/SiO2 materials impregnated with different 
Ni(%): (a) Ni-0.02, (b) Ni-0.04, (c) Ni-0.01 and (d) Ni-0.02. 
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a decrease in their size and transforms them into small pores leading to 
an increase in the porosity parameters (Table 2). Finally, the FE-SEM 
images (Fig. 2) of these samples reveal the presence of some macro-
porosity that was determined by He pycnometry (Table 1). The Vmacro 
increases with the amount of Ni(%) probably ascribed to a higher 
deposition of the catalyst. 
After the thermal treatment in CH4:N2 atmosphere, the shape of 
isotherms and hysteresis loops are maintained in all the cases (Fig. 4(c) 
and (d)). The isotherm of the CN-0.02 sample, with the smallest amount 
of Ni(%), practically does not change revealing a low amount of CNFs 
formed. The other samples display a moderate decrease on the adsorbed 
volume associated with the formation of CNFs. In those samples, as the 
Ni(%) increases SBET, Smes, Vmes are drastically reduced due to the filling 
of mesopores by the formation of CNFs while Smic and Vmic remain more 
or less constant (Table 2). This could indicate that Ni particles are 
located mainly inside mesopores and in a lesser extent within the mi-
cropores due to their smaller size. Additionally, SNi is only noticeable in 
the samples with the highest Ni(%) (33 and 101 m2g-1 for Ni-0.1 and Ni- 
0.2 samples, respectively). Those data perfectly agree with both the C 
(%)(Table 1) and the FE-SEM micrographs (Fig. 3(a)–(d)). It is also 
important to notice in the samples with the highest Ni(%) (CN-0.1 and 
CN-0.2, Fig. 4 (d)) the presence of pores centred at around 60–70 nm, 
that are assigned to new pores formed by large entanglements of CNFs 
grown on the surface but also inside of the pores of the support [34,48]. 
The thermal process in air at 600 ◦C only produces the beginning of 
sintering leading to a little decrease of SBET, due to the removing of some 
of the smallest pores which sinter at lower temperatures [38]. Smic and 
Vmic decrease while Smes and Vmes remain practically without changes 
(Table 2). In summary, when a CH4:N2 flow is used, appart from a 
slightly variation due to the beginning of sintering, the majority of 
changes that occurr in the porosity are due to the formation of CNFs 
within the porous microstructure of the glass support. As the Ni(%) in-
creases the SBET, Smes and Vmes values radically decrease as consecuence 
of the progressive filling of the mesopores located inside of the porous 
support, but also another porosity is found related to large entangle-
ments of CNFs formed in the glass support (i.e. 60-70 nm pores). In 
conclusion, the porosity of the CNFs/glass materials can be controlled by 
the Ni(%) since it determines the amount, length and diameter of formed 
CNFs which are directly related with the porosity of the material. 
As it was proposed elsewhere [49] the difference between the SBET of 
the these final materials and the Ni-impregnated glass support treated at 
high temperature in air (i.e. 900 ◦C; ΔSBET = SBET 
sample-SBET-900 ◦C-Air) could be used as a first estimation of the bun-
dles of carbon formed. ΔSBET divided by the amount of the carbon 
formed (ΔSBET/C(%)) also indicates the features of the deposited carbon 
and, in this sense low values indicate smaller diameter and lower 
amount of carbon deposited in tubular form [49]. Based on those 
asumptions, it seems clear how as the Ni(%) increases the ΔSBET/C de-
creases (Fig. 5) which perfectly agrees with the evolution of the CNFs 
diameter (Table 1). However, due to the great differences in terms of the 
quantity of obtained CNFs other information must be taken into account 
in order to determine the optimal experimental conditions. 
Fig. 6 collects the Raman spectra of the CNFs/glass materials ob-
tained varing the Ni(%). In all the cases the spectra only display the 
carbon bands. The most intense bands correspond to the first order 
bands [44,50] located at 1350 cm− 1 (D band) and at 1580 cm− 1 (G 
band), while the other less intense bands known as second order bands, 
are located at 2700 cm− 1 (G′ band) and at 2930 cm− 1, (D + G) [51]. 
Carbon materials with structural defects such as Csp3 or broken Csp2 
bonds present a high intensity of the D band, while the G band depends 
on Csp2 and it is directly related with the degree of order [51]. The ID/IG 
ratio is a parameter widely used to estimate the graphitization index and 
the degree of order of carbon materials [51]. The position and width 
(FWHM = full width at half maximum) of the D and G bands but, also the 
intensity of the G’ band are related with the graphitization and the type 
of carbon [51–53]. 
As it is clearly observed in Fig. 6 and Table 3, the ID/IG ratio and the 
FWHM values of the D and G bands increase with the Ni(%) indicating 
Fig. 3. FE-SEM micrographs of CNFs/glass materials obtained with different Ni(%): (a) CN-0.02, (b) CN-0.04, (c) CN-0.1 and (d) CN-0.2 at 600 ◦C (3 h) under a 
current flow of CH4:N2 100:100. (e) TEM and (f)–(j) HR-TEM micrographs of CN-0.2 sample with different magnifications. 
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that the degree of order of the CNFs decreases. Despite of the very low 
amount of CNFs for the lowest Ni(%) samples (CN-0.02 and CN-0.01) the 
Raman spectra are perfectly observed even with the lowest ID/IG ratio 
and, this probably indicates that in those samples highly ordered CNFs 
must be hidden inside the porous glass support. As the Ni(%) increases 
(CN-0.1 and CN-0.2), the ID/IG varies from 0.2 to 0.8 indicating more 
defective CNFs. It is important to note that the ID/IG results are 
considerable lower than the ones obtained by several authors (ranged 
from 0.2 to 1.5) employing CCVD for growing CNFs/CNTs on SiO2 
supports [27,29,32,54] indicating that our CNFs are more ordered. 
Other useful parameter to evaluate the formation CNFs is La. As 
Banergee et al. [32] proposed, the increase of defects in the CNFs with 
the Ni(%) (i.e. ID/IG varies from 0.2 to 0.8) could be asigned to the 
decrease in the La domain size (i.e. varies from 22.0 to 5.5 nm). This 
result is probably ascribed to an increasing number of interconnects and 
junctions and smaller graphitic crystal size. 
In order to evaluate the thermal oxidation resistance of the samples 
[51], TG analysis was performed under air atmosphere (Fig. 7(a)). The 
first weight gain (WG) occurs from 217 to 251 ◦C and is assigned to the 
oxidation of the Ni catalyst to form NiO [49]. This WG is only observed 
in the samples with the highest Ni(%) (i.e. CN-0.1 = − 2% and CN-0.2 =
− 3%). At higher temperatures two weight losses (WL1 and WL2) due to 
a two-step thermal decomposition are clearly seen in the differential 
thermogravimetric (DTG) curves (Fig. 7(b)). WL1 could be due to the 
oxidation of less graphitic materials such as amorphous carbon (AC) 
[49], to the condensation of Si–OH groups and also to the degradation of 
the carbon material with the aid of these Si–OH groups [18]. WL2 can be 
assigned to the degradation of high ordered carbon such as CNFs or 
CNTs. WL1 occurs from 359 to 384 ◦C and increases with the amount of 
the Ni(%) and hence with the C(%), while WL2 occurs from 523 to 
566 ◦C and displays the same trend. It is important to note that WL1 
+WL2 exceeds the total amount of the C(%) detected in Table 1. As it 
was previously stated [34], WL1 must be somehow related to the pres-
ence of some residual Si-OH formed during aqueous processes (i.e. acid 
leaching and Ni impregnation), which are still present on the surface of 
the glass support or in its porous structure. Therefore WL1 is related to 
(1) the condensation of Si–OH groups (Si–OH + Si–OH → Si–O–Si +
H2O) and (2) the degradation of CNFs by the aid of Si–OH or H2O formed 
on the surface [18]. The presence of Si–OH groups was observed by ATR 
analysis (by the presence of a band situated at 950-960 cm− 1 (Fig. SI 1). 
Finally, WL2 can be associated to the degradation of less accessible 
CNFs, i.e. the ones formed inside the porous glass support. All these 
Fig. 4. N2 isotherms and PSDs of (a), (b) Ni-doped porous glasses and (c), (d) related CNFs/glass materials prepared with different Ni(%) after CH4:N2 (100:100) 
treatment at 600 ◦C (3 h). 
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asumptions perfectly agree with the Ni(%), C(%) (Table 1), FE-SEM 
(Fig. 3) and N2 adsorption-desorption (Table 2) results, which indicate 
that the highest amount of Ni (i.e. Ni-0.2) produces the major formation 
of CNFs all over the surface and also inside the porous glass matrix. 
These CNF/glass materials have been planned to form glass com-
posites with enhanced thermal and electrical properties. In these sense, 
just taking into account the Ni(%) the best experimental conditions are 
those where the maximum amount of carbon is obtained, which is the 
Ni-0.2 composition. Based on this assumption, the CH4:N2 ratio has been 
varied only with this composition. 
3.2. Effect of CH4:N2 ratio 
As it is clearly observed in Table 4, the carbon content greatly in-
creases in the CNFs/glass materials with the amount of CH4. Indeed, the 
carbon content is 35% in the sample prepared only with CH4 (i.e. 100:0 
CH4:N2), what is 5 times bigger than the one prepared with the lowest 
amount of CH4 (i.e. 100:200 CH4:N2). These results are quite obvious 
taking into account that CH4 is used as carbon source, so higher amounts 
of CH4 produce more carbon deposition in tubular form such as CNFs. 
The FE-SEM micrographs showed in Fig. 8 are in line with the C(%) 
displayed in Table 4. As it is evident the amount of CNFs greatly in-
creases as CH4:N2 ratio decreases. This fact is especially noticeable in the 
case of the CN 100:0 sample which has the highest amount of carbon (C 
= 35.7%). Large, homogeneous and well-dispersed entanglements of 
CNFs are covering the sample surface but also filling the pores of the 
glass matrix. CNFs are quite long (at least several μm) and display ho-
mogeneous diameter but, as the amount of carbon source increases the 
diameter slightly increases from 25 to 30 nm (Table 4 and Fig. 8). 
Furthermore, the length and quantity are widely enhanced. These dif-
ferences can be perfectly evaluated when CN 00:200 and CN 100:0 
samples are compared. 
As it has been explained before, the evolution of the porosity is 
directly related with the formation of CNFs in the porous glass support 
and depends on the experimental conditions. In this sense, N2 
adsorption-desorption measurements were carried out for these CNFs/ 
glass materials (Fig. 9 and Table 2). These data are also compared with 
those of the pristine porous glass impregnated with Ni (Ni-0.2) before 
and after the thermal treatment at 600 ◦C in air atmosphere. 
The Ni-0.2 sample displays a type IVa isotherm, with a H2a hyster-
esis loop related to ink-bottle mesopores with a PSDs of 4.1 nm of mean 
diameter (Table 2), where pore necks are very narrow [47] (Fig. 9). 
When this sample is treated at 600 ◦C in air the isotherm shows a lower 
adsorption volume, due to the elimination of pores of lower sizes, i.e. the 
micropores and small-size mesopores (Table 2). However, after the 
thermal treatment under different CH4:N2 ratio, although the type and 
shape of the isotherms are maintained, the N2 adsorbed volumes 
continuously decrease. That decrease can be associated, in terms of 
porosity, to the progressively filling of the pores of the glass support and 
the formation of new ones as a consequence of the growth of CNFs [34] 
(Fig. 9). Those changes are in agreement with the C(%) (Table 4) and 
FE-SEM images (Fig. 8) indicating the increase of the amount of CNFs 
with the CH4 concentration. Pore filling due to the growth of CNFs leads 
to a decrease of the surface area and pore volume values as it is observed 
Table 2 
Summary of N2 adsorption-desorption experiments of Ni impregnated porous 
glasses and the related CNFs/glass materials obtained with different Ni(%) and 
CH4:N2 ratio. These results are also compared with the Ni impregnated porous 
glass thermal treated at 600 ◦C in air.  
Sample Surface (mg− 1) Volume (cm3g− 1) dpore (nm) 
SBET Smic Smes Vmic + mes Vmic Vmes 
Ni-0.02 134 14 117 0.34 <0.005 0.31 10.1 
Ni-0.04 87 33 54 0.14 0.03 0.11 6.4 
Ni-0.1 218 44 174 0.33 <0.005 0.27 6.0 
Ni-0.2 286 90 191 0.30 0.08 0.22 4.1 
CN-0.02 137 26 109 0.30 <0.005 0.27 8.8 
CN-0.04 41 10 26 0.10 <0.005 0.09 9.5 
CN-0.1 181 55 122 0.25 0.04 0.20 5.6 
CN-0.2 197 84 106 0.22 0.05 0.15 4.4 
Ni-0.02-Air 114 12 98 0.36 <0.005 0.33 12.5 
Ni-0.04-Air 38 4 32 0.13 <0.005 0.12 13.3 
Ni-0.1-Air 200 18 177 0.35 <0.005 0.31 7.1 
Ni-0.2-Air 223 33 181 0.27 <0.005 0.21 4.8 
CN 100:200 186 79 100 0.18 0.05 0.12 3.9 
CN 100:100 197 84 106 0.22 0.05 0.15 4.4 
CN 100:50 177 70 100 0.20 0.04 0.15 4.6 
CN 100:25 168 67 94 0.19 0.04 0.13 4.5 
CN 100:0 155 69 78 0.16 0.04 0.11 4.1  
Fig. 5. Evolution of ΔSBET/C(%) of CNFs/glass materials formed employed 
different Ni(%). 
Fig. 6. Raman spectra of CNFs/glass materials prepared with different Ni(%).  
Table 3 















1336 79 1582 33 0.2 22.0 
CN- 
0.04 
1340 89 1583 42 0.4 11.0 
CN-0.1 1336 78 1580 35 0.2 22.0 
CN-0.2 1340 93 1586 55 0.8 5.5  
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in Table 2. SBET varies from 286 to 155 m2g-1 which undoubtedly in-
dicates the progressive filling of the pores of the glass support with the 
CNFs. Taking into account the evolution of Smic and Smeso that filling 
mainly occurs in mesopores (Smic varies from 90 to 69 m2g-1 and Smeso 
varies from 191 to 78 m2g-1 from Ni-0.2 to CN 100:0). This could indi-
cate that the Ni particles are mainly located inside the mesoporous as we 
stated before. The PSD in Fig. 9(b) displays how the volume of the pores 
related to the glass support (≈4 nm) is progressively reduced, while new 
bigger pores, around 60–70 nm, appear. These new pores may be formed 
between the large entanglements of CNFs [48], and they appear in the 
samples from 100:100 to 100:25 CH4:N2 ratio. It must be noticed, that in 
the case of the CNF 100:0 sample the diameter of the pores shifts to 20 
nm, probably indicating larger entanglements of CNFs in those experi-
mental conditions (i.e. CH4:N2 100:0). 
The method of formation of CNFs reported in this work differs from 
other ones [25] such as that of CNTs/Al2O3 materials where was 
observed the increase of SBET when CNTs are formed, indicating the 
formation of CNTs over the support surface. However, in our case the 
formation of CNFs is quite different. First, in the method we propose 
here, we can select the pore size of the pristine porous glass in accor-
dance with the Vycor process, after that the catalyst is homogeneously 
deposited over the surface and also inside of pores and, finally 
depending on the experimental conditions (CH4:N2 ratio and Ni(%)) 
CNFs are formed. In all the cases, as the amount of carbon increases, SBET 
decreases undoubtedly indicating that CNFs are formed all over the 
surface and also inside the porous support. This fact is also corroborated 
by the FE-SEM images (Fig. 8) which indicate that the CNFs are located 
on the surface but also emerging from porous glass support. In summary, 
the Ni particles are located inside smaller pores (mainly in mesopores 
due to the difficult micropore accessibility) but also inside macropores 
and over external surface. This is in accordance with the bimodal PSD 
found in the samples, where first the reduction in both size and amount 
of initial mesopores (around 4 nm) can be associated to the CNFs formed 
inside the smaller pores and, second the large mesopores (20–80 nm) are 
associated to large entanglements of CNFs when filling pores but also to 
those CNFs formed over the external surface. 
As it was commented above, ΔSBET/C(%) can be used as a estimation 
of the features of the bundles of CNFs, where low values indicate small 
CNFs diameter and low carbon amount deposited in tubular form [49]. 
Based on these asumptions it seems clear that as the amount of CH4 
increases the ΔSBET/C(%) of CNFs decreases (see Fig. 10). Therefore, if 
the amount of CNFs were not considered, the optimal experimental 
conditions in terms of CNFs quality would be those for CH4:N2 ratio of 
100:200 and 100:100. 
The C(%) (Table 4), FE-SEM (Fig. 8) and N2 adsorption-desorption 
(Fig. 9 and Table 2) results indicate the great influence of the CH4:N2 
ratio in the quantity, length and diameter of the CNFs formed. These 
CNFs features can be controlled just varing these parameters. The 
decomposition of CH4 and the subsequent deposition of carbon in the 
form of CNFs are favoured as the flow of N2 decreases. However, other 
aspects such as degree of order and thermal estability for the formed 
CNFs must be also known. Raman spectra and their main results of the 
CNFs/glass materials obtained for different CH4:N2 ratio are collected in 
Fig. 11 and Table 5, respectively. 
Table 5 shows a great correlation between the CH4:N2 ratio and the 
graphitization index. In accordance with the increase of both FWHM of 
G band and the ID/IG ratio (which varies from 0.7 to 1.4) it must be 
concluded that the order degree of the CNFs decrease with the amount of 
CH4. These values are somehow similar to those found in the literature 
where the CCVD method is used to grow CNFs/CNTs employing CH4 as 
carbon source and Ni as catalyst [27,29,32,54]. The increase of ID/IG 
with the amount of CH4, is also related to La which decreases from 6.3 to 
3.1 nm. The more defective CNFs the more number of interconnects and 
junctions and, therefore smaller graphitic crystal sizes [32]. 
On the other hand, the changes related to the carbon content can be 
explained in terms of the thermal decomposition of CH4 under Ni cat-
alysts (CH4 → 2H2 + C), somehow probably due to a base-growth 
mechanism and the great interaction between the support and the 
catalyst [31]. So, the increase of the CH4 amount does not produce the 
passivation of Ni during the deposition of carbon over the active catalyst 
sites, instead the CH4 generates thicker and longer CNFs. The growth 
mechanism occurs in several stages [55]: (1) Ni produces the decom-
position of CH4 into H2 and C, (2) then occurs the dissolution and 
diffusion of the carbon particles throught the Ni sites, (3) CNFs are 
precipitated over the other side of the Ni catalyst and do not cover 
catalyst preventing its passivation. There are some points which can 
explain why as CH4 increases also the amount of CNFs does, with no 
evident sings of catalyst passivation. The first one is the low reactivity of 
CH4, the catalytic decomposition of CH4 must produce few amounts of 
Fig. 7. (a) TG and (b) DTG curves of CNFs/glass materials obtained employing different Ni(%).  
Table 4 
Summary of Ni(%), C(%) and CNFs diameter for CNFs/glass materials obtained 
with different CH4:N2 ratio.  
Sample CH4:N2 Ni(%) C(%) CNFs diameter (nm) 
CN 100:200 100:200 17.8 6.9 25 ± 6 
CN 100:100 100:100 17.8 8.0 27 ± 6 
CN 100:50 100:50 17.8 13.5 27 ± 6 
CN 100:25 100:25 17.8 17.8 27 ± 7 
CN 100:0 100:0 17.8 35.7 30 ± 6  
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carbon even with the highest CH4 flow giving enough time to form the 
CNFs. This fact does not occur for other high reactive carbon sources as 
ethylene which passivates the catalyst and does not produce CNFs, 
needing the presence of H2 which decreases the catalyst passivation 
[29]. The second one is that the Ni particles are anchored to the porous 
glass support and the CNFs are formed over the Ni surface. In the case of 
the highest amount of CH4, the flow facilitates the formation and also 
the movement of the CNFs far away from the Ni particles preventing 
their passivation. As Ju et al. [30] stated, the catalyst-support in-
teractions determine the growth mechanism. Weak interactions produce 
a tip-growth mechanism, characteristic of conventional catalyst systems 
coordinated by van der Waals forces [33].The CH4 decomposes over the 
catalyst and carbon diffuses toward the downside of the catalyst. Strong 
interactions favor a base-growth mechanism. The metal particles are 
anchored to the support and the CNFs are not able to push away the 
catalyst and they have to emerge from the support. 
Fig. 8. FE-SEM micrograps of CNFs/glass materials prepared with different CH4:N2 ratio: (a) 100:200, (b) 100:100, (c) 100:50 (d) 100:25 and (e) 100:0.  
Fig. 9. a) N2 adsorption-desorption isotherms and b) PSDs of CNFs/glass materials prepared with different CH4:N2 ratio.  
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In the tip-growth mechanism, the deactivation of the Ni catalyst 
occurs by the deposition of certain amount of carbon at the tips of the 
CNFs [27]. In the case of the base-growth mechanism, the metal parti-
cles remain on the glass and this fact does not occur, offering new and 
very interesting possibilities of these materials, for example enhancing 
the time of catalytic life of Ni and so the formation of CNFs and COx-free 
H2 [30]. Similar results of base-growth CNTs have been obtained over 
the Fe/SiO2 system employing acetylene as carbon source [31] and in 
bimetallic catallyst (9Ni–1Co) supported over Al2O3 and TiO2–Al2O3 via 
the CCVD of metane [33]. 
TG and DTG curves collected under air atmosphere of the CNFs/glass 
materials obtained employing different CH4/N2 flow are showed in 
Fig. 12(a) and (b), respectively. The samples present three different 
processes. An initial WG from 251 to 282 ◦C asigned to the Ni oxidation 
[49]. Two WLs (WL1 and WL2) related to a two-step thermal degratation 
of the CNFs/glass materials appear at higher temperatures. WL1 occurs 
from 361 to 384 ◦C and WL2 occurs from 551 to 581 ◦C. As occurred 
before for the samples obtained with different Ni(%), WL1 + WL2 ex-
ceeds the total amount of C(%) (Table 4). WL1 is rather similar in all the 
cases, but a slightly decreases is observed for the sample when the 
highest amount of CH4 was employed (CN 100:0) (WL1 varies from 6 to 
2%). However, WL2 increases with the CH4 content, and hence with the 
amount of C(%) and CNFs in the materials. As it was proposed in the case 
of the CNFs/glass materials with different Ni(%), WL1 must be due to the 
condensation of the Si–OH groups and also to the degradation of the 
CNFs induced by these highly reactive groups mainly on the surface 
[34]. The presence of the Si–OH groups on the surface of these materials 
have been corroborated by the ATR spectra (Fig. SI 2) with the presence 
of a 950-960 cm− 1 band. Furthermore, the huge increase of the CNFs (i. 
e. the amount (C(%)) varies from 6.7 to 35.7%, the length, the diameter 
(Table 4 and Fig. 8) and the less amount of Si–OH groups (Fig. SI 2) 
could partially hinder the degration of the CNFs explaining the decrease 
observed in WL1 from 7 to 2%. WL2 is related to the degradation of the 
less accessible CNFs, and probably those located inside the pores. The 
maximum temperature of WL2 varies from 551 to 581 ◦C, as the amount 
of CH4 increases, this displacement can also be explained with the huge 
increase of the CNFs (amount, length and diameter) observed [56]. 
In summary, both the Ni(%) and CH4:N2 ratio determine the amount, 
length, diameter, morphology, degree of order and thermal stability of 
the CNFs obtained within a mesoporous glass and therefore, they also 
influence the porosity of the related CNFs/glass materials. In this sense, 
a precise selection of these parameters will allow us to prepare CNFs/ 
glass materials with specific tuned properties which have to be in 
consonance for the specific requirements of the final applications. 
4. Conclusions 
CNFs/glass materials have been obtained by the CCVD process of 
CH4 employing Ni catalyst supported on a porous glass. The effect of the 
amount of the catalyst (i.e. Ni (%)) and carbon source (i.e. CH4:N2 ratio) 
were determined. As the amount of catalyst and carbon source increases, 
the quantity (from 2.2 up to 35.7 of C(%)), length (<500 nm up to 
several μm) and diameter (from 24 to 30 nm) of the in situ growth CNFs 
are enhanced, but the order degree (ID/IG varies from 0.2 to 1.4) and La 
(from 22.0 to 3.1 nm) decrease progressively. The CNFs observed are 
bamboo-like and fish-bone with hollow core, both with open ends which 
increase their chemical activity being interesting for novel applications 
in the field of the medicine among others. During the CNFs formation the 
Ni catalyst is observed anchored to the glass support, which indicates a 
strong interaction between the catalyst and the support denoting a base- 
growth mechanism. This mechanism is a very interesting way to produce 
large amounts of CNFs without producing the deactivation of the cata-
lyst sites for long times. 
During the CCVD process, as the amount of CNFs increases, porosity 
parameters mainly SBET, Vmes and Smes decrease progressively indicating 
the filling of the mesopores. New pores of 20–70 nm appear which are 
associated to large bundles of CNFs formed during the filling of the 
mesopores. This indicates, taking into account the incipient densifica-
tion experienced by the glass support at 600 ◦C, that more CNFs are 
placed in less volume which lead to the formation of more in-
terconnections and junctions, explaining the formation of a high 
defective CNFs with lower La domains. 
To the best of our knowledge there have not been previous studies 
which indicate a base-growth mechanism in the Ni/glass system by the 
CCVD process of CH4. These findings offer very interesting applications 
in the production of CNFs and COx-free H2 employing a relatively low 
Fig. 10. Evolution of ΔSBET/C(%) of CNFs/glass materials formed employed 
different CH4:N2 ratio. 
Fig. 11. Raman spectra of CNFs/glass materials prepared at different CH4: 
N2 ratio. 
Table 5 
Summary of Raman results of CNFs/glass materials prepared with different CH4: 












100:200 1351 81 1583 53 0.7 6.3 
100:100 1340 93 1586 55 0.8 5.5 
100:50 1349 80 1582 60 1.0 4.4 
100:25 1351 71 1583 65 1.1 4.0 
100:0 1353 63 1588 61 1.4 3.1  
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temperature (600 ◦C) for long times (3 h) and, also a cheap Ni/glass 
catalytic system. All these facts demonstrate the suitability of this pro-
cess with scalable possibilities in the field of catalyst and energy very 
demanding nowadays. Finally, the obtained CNFs/glass materials can be 
potentially used in many fields as electronic devices, catalyst and bio-
catalyst systems, energy storage materials, etc. 
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